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Method And Apparatus For Frequency Control Of An Ultrasound System 

ROTATED APPLICATION 

The present application is a continuation-in-part of application for a 
5 METHOD AND APPARATUS FOR FREQUENCY CONTROL OF AN 

ULTRASOUND SYSTEM, Serial No. (unassigned), filed on June 17, 1997, the 
disclosure of which is hereby incorporated by reference. 

FIELD OF THE INVENTION 
10 This invention generally relates to imaging systems, such as ultrasound 

systems. In particular, the invention relates to a system and method for generating 
images using multiple frequencies of echo signals. 

BACKGROUND OF THE INVENTION 

1 5 Ultrasound imaging systems generate and transmit ultrasound signals. 

Typically, the transmitted ultrasound signal is a pulse with a center frequency 
within the 2 to 15 MHz range. The ultrasound signal propagates through a body, 
such as the chest cavity of a patient. The transmitted ultrasound signal reflects off 
structures within the body, such as blood cells or tissue boundaries. Some of the 

20 reflected signals, echo signals, propagate towards the transducer. 

As the transmit signal propagates through and scatters within the body, 
additional frequency components are generated, such as at harmonics of the 
transmit frequency . These additional frequency components continue to propagate 
through and reflect off structures in the body. Echo signals having the same 

25 frequencies as the transmit signal and echo signals associated with the additional 
frequency components impinge on the transducer. The additional frequency 
components are caused by non-linear propagation and non-linear scattering or 
reflecting. 

The echo signals are detected and processed by the ultrasound system. 
30 Conventional ultrasound systems filter or otherwise remove signals having 
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harmonic or different frequencies than the transmit frequencies. Thus, echo 
signals resulting from linear propagation and reflection are detected by the 
• ultrasound system. 

The detected linear echo signals are used to create an image. For example, 
5 Doppler and B-mode image information are derived from the linear echo signals. 
The information is then used to generate two-dimensional or graphical displays. 

As an alternative and as a discussed by Ted Christopher in "Finite 
Amplitude Distortion-Based Inhomogeneous Pulse Echo Ultrasonic Imaging", 
IEEE Trans. UFFC 44(1), pp. 125-139 (Jan. 1997), harmonic echo signals, signals 
1 0 resulting from non-linear propagation and scattering, are detected. The echo 
signals having the same or similar frequency band as the transmit signals are 
filtered or otherwise removed. An image, such as a B-mode image, is generated 
from the detected harmonic echo signals. Typically, the signal-to-noise ratio of 
the echo signals at harmonic frequencies may be acceptable for B-mode imaging, 
1 5 yet unacceptable for Doppler imaging. Various techniques for non-linear imaging 
are disclosed in U.S. Patent Nos. 5,410,516 and 5,255,683. 



SUMMARY OF THE INVENTION 

The invention provides a method and apparatus for obtaining and 
20 displaying various ultrasound data. Information based on both harmonic and 

fundamental frequencies are acquired and displayed at substantially the same time. 

In one aspect, a method and system for acquiring data in an ultrasound system are 

provided. A first transmit signal is transmitted, and a linear echo signal is 

acquired in response to the first transmit signal. An interleaved second transmit 
25 signal is transmitted, either at the first frequency band or a second frequency band, 

and a non-linear echo signal is acquired in response to the second transmit signal. 
In another embodiment, a method of acquiring data in an ultrasound 

system is provided. Data is obtained in response to a fundamental frequency. 

Interleaved with the data, other data is obtained in response to a harmonic 
30 frequency. 
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In yet another aspect of the invention, a method of displaying ultrasound 
information is provided. A first image responsive to non-linear echo signals is 
displayed. A second image responsive to linear echo signals is displayed with the 
first image. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a block diagram of an ultrasound system for acquiring and 
imaging harmonic and fundamental frequency data. 

FIG. 2 is a flow diagram representing operation of an ultrasound system to 
acquire and image harmonic and fundamental frequency data. 

FIG. 3 is a block diagram of an alternative ultrasound system for acquiring 
and imaging harmonic and fundamental frequency data. 

FIG. 4 is a graphical representation of received amplitudes as a function of 
frequency. 

FIG. 5 is a layout diagram of a keyboard. 

FIGS. 6 A and B are graphical representations of screen displays. 

DETAILED DESC RIPTION OP PREFERRED EMBODIMENTS 
Referring now to the figures, and in particular, FIG. 1, an ultrasound system 
is generally shown at 10. The ultrasound system 10 is configurable to acquire 
signals at one frequency band interleaved with signals at another frequency band and 
display information in response to the signals. For example, the ultrasound system 
1 0 acquires data associated with a fundamental frequency band interleaved with data 
associated with a harmonic frequency band. Harmonic frequencies are frequencies 
associated with non-linear propagation or scattering of transmit signals. As used 
herein, harmonic includes subharmonics as well as second, third, fourth, and other 
harmonics. Fundamental frequencies are frequencies corresponding to linear 
propagation and scattering of transmit signals. Non-linear propagation or scattering 
corresponds to shifting energy associated with a frequency or frequencies to another 
frequency or frequencies. Linear propagation or scattering corresponds to energy 
associated with a frequency that is not shifted. Information responsive to the 
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fundamental frequency band is displayed in some- locations on a display, 
information responsive to the harmonic frequency band is displayed at other 

locations on the display. 

Referring to FIG. 4, a transmit signal with a bandwidth approximately 
5 corresponding to frequencies Fl and F2 is transmitted. A frequency band 100 
represents the acquired fundamental frequencies and associated amplitudes. A 
frequency band 102 represents acquired frequencies and associated amplitudes 
corresponding to non-linear propagation or scattering. For example, the frequency 
band 102 corresponds to the second order harmonic frequencies of the transmitted- 
10 signal. As shown in FIG. 4, some of the fundamental frequencies may also include 
harmonic frequency information and vice versa. More or less overlap may occur. 

Referring to FIG. 1, the ultrasound system 10 includes a transmit 
beamformer 12, a transducer 14, a receive beamformer 16, a signal processor 18, 
and a display 20. The ultrasound system 10 also includes a user input 22. The user 
1 5 input 22 is of any construction known in the art, such as a keyboard, track ball, joy 
stick, touch pad, touch screen, or combination of devices. Preferably, the user input 
22 is a keyboard with various dedicated keys and a track ball. 

With user input 22, the user selects the type of image or images for 
display. The images are based on various processing modes known in the art. For 
20 example, a B-mode image, a M-mode image, a color M-mode image, a color 
Doppler velocity image (CDV), a color Doppler energy image (CDE), a Doppler 
Tissue image (DTI), a CW spectral Doppler image, or a PW spectral Doppler 
image may be selected. Based on the user selection of a particular mode, control 
signals are provided to the transmit beamformer 12 and the receive beamformer 16 
25 to generate in phase and quadrature (I and Q) information appropriate for the 
particular image selected. 

The user also selects the display of multiple images at the same time. For 
example, a B-mode image 30 and a CDV image 34 are selected. Many other 
combinations of images are possible, such as a B-mode image 30 and a spectral 
30 Doppler image 32 or two B-mode images 30. The combination of more than two 
images is also possible such as displaying a B-mode image 30, a CDV image 34, 
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and a spectral Doppler image 32. Information associated with one image is 
displayed in a region, such as a point, points, ultrasound line or lines, on the 
display 20, and information associated with another image is displayed in another 

region on the display 20. 
5 The user also selects a transmit frequency and a receive frequency 

associated with each image. The frequencies available for selection include at 
least one receive frequency that is a harmonic of the transmit frequency and at 
least one receive frequency that is a fundamental of the transmit frequency. Other 
combinations may be provided. The selected frequencies associated with each 
1 0 image are preferably within the frequency range of the transducer 14. 

Based on input from the user input 22, a system controller 23, such as one or 
more microprocessors with one or more programs, provides control instructions to 
the transmit beamformer 12, the receive beamformer 1 6, the signal processor 1 8, and 
the display 20. For example, the user input 22 allows selection of transmit and 
15 receive frequencies and bands as discussed below. Programming may be used 
instead of user selection. The system controller 23 configures the ultrasound 
system 10 in accordance with the selected frequencies. 

Based on the various user selections, the transmit beamformer 12 is 
configured. The transmit beamformer 12 is of a construction known in the art, such 
20 as a digital or analog based beamformer capable of generating signals at different 
frequencies. The transmit beamformer 12 generates one or more excitation signals. 
Each excitation signal has an associated center frequency. As used herein, the center 
frequency represents the frequency in a band of frequencies approximately 
corresponding to the center of the amplitude distribution. Referring to FIG. 4, two 
25 frequency bands 100 and 102 are shown. Since the amplitude distribution is 
Gaussian, the center frequency, F c , is half of the sum of frequencies Fl and F2 in 
band 100. Other amplitude distributions with different center frequencies may be 
used. The center frequency associated with each excitation signal is substantially 
the same as the selected transmit frequency. Preferably, the center frequency of the 
30 excitation signals is within the 2 to 15 MHz range, such as 2 MHz, and accounts for 
the frequency response of the transducer 14. Except for CW spectral Doppler, the 



SUBSTITUTE SHEET (RULE 26) 



WO 98/57583 • €|cT/US98/12542 

6 

excitation signals preferably have non-zero bandwidth, such as represented by the 
bands 100 or 102. 

Referring to FIGS. 1 and 4, the excitation signals from the transmit 
beamformer 12 are provided for the transducer 14. The transducer is of any 
5 construction known in the art, such as a multiple element 15 piezoelectric 
transducer. One or more of the elements 15 in the transducer 14 are excited by an 
excitation signal to produce ultrasonic waveforms. As known in the art. the 
waveforms are focused along ultrasonic beams or lines in one of various formats, 
such as steered linear, sector, or Vector®. The ultrasonic waves are focused using 
10 various delay and apodization techniques. The ultrasonic waves have a center 
frequency, such as 2 MHz, and a bandwidth associated with the frequency of the 
excitation signals. Thus, the center frequency of the ultrasonic waves corresponds to 
one of the transmit frequencies selected by the user. 

The focused ultrasonic waves propagate through a body and reflect off 
15 various structures, such as blood cells and tissue, both linearly and non-linearly. 
Some of the reflected waves return as echo signals to the transducer 14. The echo 
signals excite the elements 15 of the transducer 14. The elements 15 generate 
voltage signals corresponding to the echo signals. These voltage signals are 
provided to the receive beamformer 16. 
20 The receive beamfonner 16 is of a construction known in the art, such as an 

analog or digital receive beamformer capable of processing signals associated with 
different frequencies. The receive beamfonner 16 and the transmit beamformer 12 
may comprise a single device. As known in the art, each voltage signal is delayed, 
apodized, and summed with other voltage signals. An ongoing stream of summed 
25 signals represents the ultrasound beam or line received from the body. 

The receive beamformer 16 also demodulates the summed signals to 
baseband. The demodulation frequency is selected in response to the fundamental 
frequency or another frequency, such as a second order harmonic frequency. 
Preferably, the receive beamformer 16 is capable of demodulating in response to 
30 differing demodulation frequencies, such as fundamental, sub-harmonic, second 
order harmonic, third order harmonic, or fourth order harmonic frequencies. For 
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example, the transmitted ultrasonic waveforms are transmitted at a 2 MHz center 
frequency, similar to the band 100 in FIG. 4. The summed signals are then 
demodulated to baseband by shifting by either the fundamental 2 MHz or the second 
order harmonic 4 MHz frequency (the demodulation frequency). Signals associated 
5 with frequencies other than near baseband are removed by low pass filtering. As an 
alternative or in addition to demodulation, the receive beamformer 16 provides band 
pass filtering. Thus, signals associated with frequencies other than a range of 
frequencies centered around the desired receive minus any demodulation frequency 
are filtered from the summed signals. The demodulated or filtered signal is passed 
10 to the signal processor 18 as a complex I and Q signal, but other types of signals, 
such as real value signals, may be passed. The I and Q signals referred to herein 
may be replaced by other types of signals, such as the real value signals. 

The signal processor 18 comprises one or more processors for generating 
spectral Doppler, color Doppler, B-mode, or M-mode information. Preferably, the 
15 signal processor 18 comprises a spectral Doppler processor 24, a color Doppler 
processor 26 and a B/M-mode processor 28. Each of these processors is 
preferably a digital signal processor and operates as known in the art. 

The spectral Doppler processor 24 receives I and Q signals from the 
receive beamformer 16. The I and Q signals are generated with the transmit 
20 beamformer 12 and receive beamformer 16 using either pulse wave (PW) or 
continuous wave (CW) transmission techniques, as known in the art. The spectral 
Doppler processor 24 generates spectral information, such as frequency and 
associated intensity information as a function of time, as known in the art. 

The color Doppler processor 26 receives the I and Q signals from the 
25 receive beamformer 16. As known in the art, the color Doppler processor 26 
estimates velocity, variance of velocity and energy from the 1 and Q signals. 

The B/M-mode processor 28 also receives I and Q signals from the receive 
beamformer 16. As known in the art, the B/M-mode processor 28 generates 
information representing the intensity of the echo signal associated with the I and 
30 Q signals. 
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The information generated by the signal processor 18 is provided to a scan 
converter and image processor 27. The scan converter and image processor 27 is 
of a construction known in the art and generates the image of the type selected by 
the user and provides the image information to the display 20 as known in the art. 
5 The information for display is scan converted. 

Scan convened information associated with one image is converted to a 
display value or values corresponding to a region of the display. The region is 
associated with a point, a plurality of points, ultrasound lines or a plurality of 
ultrasound lines. The information is converted to a display value with a look-up 
10 table, as known in the art. Scan converted information associated with another 
image is converted to a display value or values for another region of the display. 
Thus, display values responsive to harmonic frequencies are created for display at 
one or more locations, and display values responsive to fundamental frequencies 
are created for display at one or more locations different from the one or more 
15 locations corresponding to harmonic frequencies. For example and preferably, a 
larger B-mode image responsive to harmonic frequencies is selected for combined 
display with a smaller color Doppler image responsive to fundamental 
frequencies. B-mode image display values are created for regions of the image 
not overlapping the color Doppler image. Color Doppler image display values are 
20 created for locations where the images overlap. Thus, the B-mode and color 
Doppler images are displayed by region. The choice of which information is to be 
displayed may be made on a pixel by pixel basis, in which case the regions may be 
dispersed (e.g. pixels of Doppler image information dispersed within pixels of B- 
mode image information). Alternately, the regions of Doppler and B-mode 
25 information may include regions of contiguous pixels. If desired, the choice of 
which information is to be displayed for a given pixel may be made based on the 
values of the image information for that pixel. For example, B-mode image 
information may be selected for display at a given pixel unless the Doppler 
information for that pixel is within a selected range. 
30 The two images may be combined as is well known in the art for a color 

Doppler image. As one example of a conventional image mapping, a 
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determination may be made on a pixel-by-pixel basis whether to display 
scan-converted color Doppler parameters as a colored pixel or to display 
scan-converted B-mode intensity as a grayscale pixel. For example, the B-mode 
intensity may be displayed if the B-mode log intensity exceeds a threshold, such 
5 as 85% of the maximum value, or if the color Doppler energy is below a minimum 
threshold. Otherwise, the color Doppler parameters are converted to an [R,G,B] 
color value and displayed. It should be noted that in such a case, the color 
Doppler processor may also perform some thresholding operations, such as setting 
the color Doppler parameters for a point to zero if the measured velocity for that 
10 point is below some threshold. Another scheme commonly used to combine two 
images is simple additive blending, combined with scaling and thresholding. A 
B-mode pixel value (intensity, scan-converted and translated to [R,G,B] values 
representing a shade of gray) may be scaled and added to the [R,G,B] values 
representing the color parameters for a given point to produce a linear 
15 combination of the two. The total is then clipped to lie within the maximum 
displayable R, G, and B values. For pixels where the color parameters lie outside 
of certain preset ranges (for example, where the color energy is below a threshold 
value), the B-mode pixel value may simply be displayed unsealed. Many other 
variants on the above means of image combination are possible and are known in 
20 the art. 

As another example, a B-mode image responsive to harmonic frequencies 
is selected for adjacent display with a spectral Doppler image. Other 
combinations of display values, such as by point, plurality of points, ultrasound 
line or plurality of ultrasound lines, may be used. Additionally, different 

25 processes for determining the type of display values for each location on the 
display 20 may be used, such as applying one or more thresholds to the 
information for selection between harmonic or fundamental based information. In 
this way, the regions of B-mode image data and the regions of Doppler image data 
in the combined image may be shaped in response to the image data. The 

30 conversion to display values may be performed prior to scan conversion. 
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As yet another alternative, information from one image may be used to 
modulate image information from the other image. For example, harmonic B- 
mode image information may be used to modulate fundamental Doppler 
information, as for example with a video mixer as shown in Arenson U.S. Patent 
5 5,285,788, the disclosure which is hereby incorporated by reference. 

As an alternative for other applications, the scan converted information 
associated with different images is provided to a look-up-table. A display value 
representing a combination of images is output by the look-up-table. The image 
information represents a blended combination of images for display on the display 
10 20. Suitable look-up table techniques are disclosed in Ustuner, U.S. Patent 
5,479,926. 

The display 20 is a monitor or other device for displaying two-dimensional 
images. Preferably, the display 20 is a color monitor. The image information is 
displayed on the display 20. The images represent the body. For example, a B- 

15 mode image 30 is shown representing an artery. A spectral Doppler image is 
shown at 32, and a color Doppler image is shown at 34. 

Each displayed two-dimensional image, such as a B-mode, CDV, CDE, or 
DTI image, is formed from multiple ultrasound lines. Each ultrasound line is 
formed from multiple I and Q signals or samples representing different ranges or 

20 depths along the ultrasound line. One two-dimensional image comprises a frame 
of ultrasound information. For spectral Doppler or M-mode, a frame of 
information comprises a plurality of frequencies or depths and associated 
intensities based on multiple samples. For color M-mode, a frame of information 
comprises a plurality of depths and associated velocities, energies, and/or 

25 variances of velocity based on multiple samples. Some of the multiple samples 
may occur in multiple frames. The multiple samples all correspond to the same 
location or locations within the body. 

As a new frame or frames of data are obtained, a new image or images is 
generated for display. Alternatively, as each spectral line associated with an 
30 image is obtained, the region of the image corresponding with the new spectral 
line is updated or changed. 
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Any of the various images discussed above are generated from the I and Q 



signals. The I and Q signals are generated in response to either harmonic or 



the transmit and receive beamformers 12 and 16. Thus, any of the images 
5 discussed above are either a harmonic frequency based image or a fundamental 
frequency based image. 

To generate the combination of images discussed above, multiple images 
are preferably generated in an interleaved fashion, and the transmit and receive 
beamformers 12 and 16 are reconfigured to obtain the desired image information 
10 for each image. Each reconfiguration is based on the user selected modes and 
frequencies. For example, one or more ultrasound lines of information associated 
with the B-mode image 30 are obtained. Then, one or more ultrasound lines 
associated with the CDV image 34 are obtained. Alternatively, values associated 
with one or more points in the B-mode image are obtained. Then, values 
15 associated with one or more points in the CDV image are obtained. As yet 
another alternative, the interleaving process may be based on obtaining the images 
by frame or multiple frames. For example, a first frame of information for 
generating and displaying the B-mode image 30 is obtained. Subsequently, 
information for generating and displaying multiple frames of the CDV image 34 
20 are obtained. Typically, the interleaving process is repeated in any of the 
alternatives discussed above. The displayed B-mode and CDV images 30 and 34 
are continuously updated by point, ultrasound line or frame. 

Interleaving is performed as known in the art. For example, a block of 
B-mode lines is acquired, then varying sized blocks of B-mode and CDE lines are 
25 acquired, and finally another block of B-mode lines are acquired. The varying 
sizes of the blocks are selected so that B-mode and CDE information from one 
area in the body is acquired substantially simultaneously. Other interleaving 
process may be used. Referring now to FIG. 2, a flow chart demonstrating a 
flexible process for interleaving of an image based on fundamental frequencies 
30 and an image based on harmonic frequencies is shown. In this example, mode 1 is 
selected as a B-mode image received at a harmonic frequency or frequencies, and 



fundamental frequencies. The frequencies used are based on the configuration of 
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mode 2 is selected as a CDE image received at a fundamental frequency or 
frequencies. 

The number of I and Q signals obtained with each configuration of the 
transmit and receive beamformers 12 and 16 is set in set-up blocks 49 and 55. 
5 The M and Y values represent the number of values obtained for a particular mode 
before values are obtained for another mode, such as a number of values 
associated with a line, group of lines, frame, or group of frames. Alternatively, M 
and Y represent a number of desired lines. The I and Q signals obtained in each 
configuration or mode represent one or more I and Q samples at the same or 
10 different depths. The desired number of mode 1 samples or lines M and the 
desired number of mode 2 samples or lines Y are determined as known in the art. 

The"M or Y values may change as any given frame of information is 
obtained. For example, mode 1 corresponds to a B-mode image and mode 2 
corresponds to a CDV image. The CDV image is smaller and overlies the B-mode 
1 5 image. A group of multiple lines represent the area of the B-mode image that is to 
the left of the CDV image. Once the I and Q signals associated with this group of 
multiple lines are obtained, then the value M is reset for processing the ultrasound 
line information associated with the overlapping portions of the B-mode and CDV 
images. The M and Y values may also change while obtaining information 
20 associated with overlapping portions. Once the information associated with the 
overlapping portions of the two images is obtained, the values for M and/or Y are 
reset to obtain information associated with multiple lines of the B-mode image to 
the right of the CDV image. Alternatively, the number of desired mode 1 and 
mode 2 values, M and Y, are reset after obtaining samples representative of only a 
25 portion of an ultrasound line. As another example, the number of desired mode 1 
and mode 2 values, M and Y, are selected to correspond to multiple frames of 
information. 

To begin acquisition of samples, the system is configured for mode 1 
processing in set-up block 49. The number of obtained samples N is set to zero, 
30 and the number of desired samples M is determined as discussed above. Other 
control parameters may be set, as known in the art. 
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In response to the control parameters, ultrasonic waves are transmitted in 
transmit mode 1 block 50. The ultrasonic waves are focused to a location or 
locations within the body. The ultrasonic waves are transmitted at a frequency 
band, such as associated with a 2 MHz center frequency. Echo signals are 
5 received in receive mode 1 block 52. 

A signal or signals representing the detected echo signals are processed as 
discussed above. In particular, the signal or signals are demodulated or filtered to 
provide information associated with harmonic frequencies, such as the second 
order harmonic frequency (4 MHz) or a sub-harmonic. Thus, an I and Q signal or 
10 signals representing one or more locations in a body are generated by the transmit 
mode 1 and receive mode 1 blocks 50 and 52. The I and Q signal or signals 
represent nonlinear propagation and scattering of the transmit signal. 

The number of obtained samples, N, of I and Q signals is incremented by a 
value AN representing the number of obtained samples, such as multiple samples 
1 5 or lines associated with multiple beams and/or depths. In interleave block 54, N is 
compared to the number of desired samples or lines M. If N does not equal or 
exceed M, then the mode 1 process carried out by the transmit mode 1 and receive 
mode 1 blocks 50 and 52 is repeated. Thus, other I and Q signals associated with 
the same or a different location or locations in the body are obtained. 
20 If N equals or exceeds M, then the number of obtained samples or lines, X, 

associated with mode 2 is set to zero in set-up block 55. The system is configured 
for mode 2 processing, and the number of desired samples or lines Y is selected as 
discussed above. X represents the number of I and Q signals or lines obtained in 
the mode 2 configuration. Other control parameters may be set, as known in the 
25 art. 

Based on the control parameters, a focused ultrasound wave is generated 
and transmitted at a frequency band in transmit mode 2 block 56. For example, a 
focused ultrasound wave with a 2 MHz center frequency is transmitted. 

Echo signals associated with the transmitted ultrasound wave are received 
30 in receive mode 2 block 58. As discussed above, a signal or signals representing 
the echo signals are filtered or demodulated to obtain a signal or signals associated 
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25 



with a frequency band, such as the fundamental 2 MHz center frequency. Thus, 
an I and Q signal or signals representing one or more locations in the body using 
the mode 2 configuration is obtained. 

The number X is incremented by a value AX representing the number of 



or lines Y in interleave block 60. If X does not equal or exceed Y, then the 
transmit and receive process of transmit and receive mode 2 blocks 56 and 58 is 
repeated. 

If X equals or exceeds Y, then the desired number of mode 2 samples or 
lines have been obtained. N is set to zero, and the setup, transmit and receive 
process for mode 1 is started. Thus, the interleaved mode 1 and mode 2 processes 
discussed above are repeated. 

Referring to FIG. 1 , the mode 1 1 and Q signals and mode 2 1 and Q signals 
are provided to the signal processor 18. The signal processor 18 generates 
information for mode 1 and mode 2 images. For example, information associated 
with a B-mode image is generated based on the mode 1 I and Q signals, and 
information for a CDE image is generated based on the mode 2 I and Q signals. 
As the image information is generated, the information is provided to the scan 
converter and image processor 27. The image information is provided either as a 
single value, multiple values, multiple values associated with one or more 
ultrasound lines, or multiple values associated with one frame of information to 
the display 20. 

The display 20 displays the two or more images. For example, the 
display 20 displays the harmonic based B-mode image with the fundamental based 
CDE image. Preferably, the CDE image is superimposed on the B-mode image by 
displaying information associated with the CDE image in one or more regions of 
the display and displaying information associated with the B-mode image in one 
or more different regions of the display. The images are interleaved due to 
interleaving the transmission and reception of information as discussed above. 
Any combination of images are interleaved and displayed, such as two B-mode or 



5 obtained samples and compared to the number of desired mode 2 I and Q signals 
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two color Doppler images, color Doppler and spectral Doppler images, B-mode 
and spectral Doppler images, or three or more images. 

Referring to FIG. 4, the discussion above discloses reception of harmonic 
frequencies having a center frequency off-set from the center frequency of the 
5 transmit or fundamental frequencies. Harmonic frequencies with the same center 
frequency as the fundamental frequencies may also be used. Any method for 
distinguishing linear signals from non-linear signals may be used, such as 
disclosed in U.S. Patent Nos. 5,410,516, 5,255,683, 5,577,505 and 5,632,277. 

Referring to FIG. 1 , the ultrasound system 10 is preferably capable of rapid 
10 configuration of the receive and transmit beamformers 12 and 16. The rapid 
configuring allows for interleaving between a fewer number of I and Q signals, 
such as interleaving values associated with a portion of an ultrasound line for one 
image with values associated with a portion of an ultrasound line for another 
image. Alternatively, the ultrasound system 10 generates values associated with 
15 one or more ultrasound lines in one image, and then generates values associated 
with one or more ultrasound lines in another image. As another alternative, 
multiple transmit and receive beamformers 12 and 16 are provided. Thus, the 
ultrasound system 10 interleaves without reconfiguration. 

Referring now to FIG. 3, a highly programmable alternative ultrasound 
20 system is generally shown at 70. The ultrasound system 70 is disclosed in U.S. 
Patent 5,581,517, Method And Apparatus For Focus Control Of Transmit And 
Receive Beamfonner Systems (the *517 patent), the disclosure of which is herein 
incorporated by reference. The ultrasound system 70 is capable of displaying an 
image associated with at least one harmonic frequency interleaved and displayed 
25 with an image associated with at least one fundamental frequency. To display the 
images, the ultrasound system 70 generates focused ultrasonic waves based on 
user control and scan parameters. Echo signals are detected also based on user 
control and scan parameters. The detected information is processed to generate 
the images. 

30 A system control 74 coordinates generation of the various images. The 

system control 74 is a program or programs running on one or more processors, 
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but other control devices may be used. The system control 74 receives input 
information from the transducer 76 and the user input 78. 

The transducer 76 is of a construction known in the art. Preferably, the 
transducer 76 has multiple elements 80. For example, a 19 mm 64 element 
5 transducer array is used, such as the Acuson 3V2c. Other sized and shaped 
transducers may be used. 

The system control 74 determines the type of transducer 76 connected to 
the ultrasound system 70 as known in the art. Based on the type of transducer 76, 
the system control 74 makes various options available to the user on a display 98. 
10 The user selects the various options with the user input 78. The user input 

78 is a keyboard and track ball device, but other input devices may be used. The 
number or combination of images is selected, such as two or three images. The 
mode for each image is selected. Any of the various modes discussed above are 
preferably available. For example, the user selects a B-mode image and a CDV 
15 image. The user also selects the area within the body for ultrasonic scanning. 
Based on the type of transducer 76, the user selects a transmit and receive center 
frequency for each mode. Using the 3V2c transducer, the user preferably selects a 
single value representative of both a transmit and receive center frequency, such as 
either a 2, 2.5, 3, 3.5 MHz fundamental or 3.5 MHz harmonic frequency for the B- 
20 mode image. For example and preferably, the user selects a 3.5 harmonic 
frequency for the B-mode image (transmit centered around 1.75 MHz and receive 
centered around 3.5 MHz). The user also selects an available frequency for the 
CDV image, such as the 2 MHz fundamental frequency (transmit and receive 
centered around 2 MHz). More, fewer, or different fundamental or harmonic 
25 frequencies may be provided for any particular transducer. 

Referring to FIG. 5, a keyboard 1 10 used as part of the preferred user input 
78 of FIG. 3 is shown. By connecting the transducer 76 (see FIG. 3), such as the 
3V2c transducer, the system 70 (see FIG. 3) preferably defaults to a B-mode 
image configuration. Other defaults may be used. In order to select a 
30 combination of images, such as a B-mode image associated with a 3.5MHz 
harmonic center frequency and a CDV image associated with a 2.0MHz 
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fundamental center frequency, the user first selects a center frequency for the 
default image. The user manipulates a "MultiHz" key 112 to select the center 
frequency. Referring to FIG. 6A, a screen display 120 indicates the selected 
center frequency for the user and highlights the selected image (the image 
5 associated changed based on the use of the key 112 (FIG. 5)). The field 122 
demonstrates selection of the 3.5MHz harmonic center frequency for the default 
B-mode image. Other screen displays may be used. 

Referring to FIG. 5, the user presses the "D-color" key 1 14 after selecting 
any other parameters for the B-mode image. Pressing the key 114 preferably 
1 0 results in configuring the system 70 (see FIG. 3) to acquire a color Doppler image 
within a region of the display interleaved with the B-mode image. Referring to 
FIG. 6B, the- region of the display associated with acquisition of color Doppler 
information is shown by a box 124. The type of color Doppler mode, such as 
CDE, CDV or DTE, is preferably selected by pressing another key. 
15 Referring to FIG. 5, the user manipulates the "MultiHz" key 1 12 to select 

the center frequency associated with the color Doppler image, such as the 2.0MHz 
fundamental center frequency. Referring to FIG. 6B, the B-mode image center 
frequency remains at the selected center frequency, such as the harmonic center 
frequency, as shown by field 126. A field 128 demonstrates selection of the 
20 2.0MHz fundamental center frequency for the color Doppler image. Other screen 
displays may be used. Preferably, the field 128 is highlighted to inform the user 
that manipulation of the key 1 12 (FIG. 5) results in changes associated with the 
highlighted field, such as the field 128 associated with color Doppler. Any other 
parameters associated with the color Doppler image are also selected by the user 
25 using other system input keys. 

Referring to FIG. 5, to change the center frequency or any other 
parameters associated with the B-mode image, the user either presses the key 1 14 
or a "2D only" key 116. Preferably, this causes the system 70 (FIG. 3) to remove 
the box 124 or the color Doppler image from the screen display. As discussed 
30 above, the key 1 12 may then be manipulated to select a center frequency for the 
B-mode image. The user returns to simultaneous or combination B-mode and 
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color Doppler imaging by again pressing the "D color" key 114. The various 
color Doppler image parameters may then be further modified. 

Other embodiments of the keyboard 120 of FIG. 5 or the screen display of 
FIGS. 6 A and B are possible, such as different screen display layouts, key layouts 
5 and display of different parameters. For example, two separate keys, one for 
selecting the center frequency associated with each of the selected images, are 
provided. The center frequency associated with either image is changed without 
pressing another key, such as the U D color" or "2D only" keys 1 14 and 1 16. As 
another example, a key or group of keys are provided for selecting a harmonic 
10 center frequency while another key or group of keys, such as the "MultiHz" key 
1 12, are used for selecting a fundamental center frequency. In another example, 
one key is ^used to select various combinations of harmonic and fundamental 
center frequencies for both images at the same time. 

After user selection of the options discussed above and any other options 
15 available, the system control 74 obtains scan parameters. The scan parameters are 
stored in memory 72. Preferably, the memory 72 is a hard disk drive device, but 
other memories, such as RAM, tape or other disk devices, are possible. The 
memory 72 contains multiple data sets of scan parameters. Preferably, each data 
set corresponds to a transducer, a mode, selected center frequencies, a frame rate, 
20 and the selection of the size and positions of the multiple images. Other, fewer, or 
more variables may be used to reference a particular data set. Based on the 
reference variables, the system control 74 selects a certain data set or sets. In the 
CDV/B-mode example discussed above, two data sets are selected, each data set 
corresponding to one of the images. Alternatively, one data set may be selected 
25 based on the combination of images. 

Each data set contains values corresponding with multiple parameters. 
The parameters include a nominal center frequency (F 0 in the l 517 patent), a 
transmit excitation center frequency (transmit carrier frequency F c in the '517 
patent), a transmit envelope, a transmit focusing frequency (see generally V<f> in 
30 the '517 patent), a receive gain, an analog-to-digital (A to D) sampling rate (F s 
and F^c in the '517 patent), a number of beams (N B in the '517 patent), a receive 
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demodulation frequency (F^t, a F downslope , F L[M , t and aF^ofe in the '517 
patent), a receive focusing frequency (F P (t) in the '517 patent), and receive 
filtering values. Other parameters are also stored as part of the data set, such as 
apodization and delay information. Different, more or fewer parameters may be 
5 used. The parameters are used as described in U.S. Patent No. 5,581,517 and 
discussed below to control generation of the multiple images. 

To determine values for the stored parameters, the transducer 76 is 
selected. The transducer frequency response is determined. For harmonic 
imaging, the desired transmit and receive frequencies are selected. Preferably, the 
10 receive center frequency is close to or slightly above the peak of the transducer 
sensitivity, and the transmit center frequency is half the receive center frequency 
for second order harmonic imaging. The transmit and receive center frequencies 
are preferably within the pass band of the transducer. Other harmonic, desired 
receive and desired transmit frequencies may be used. For fundamental imaging, 
15 the desired transmit and receive frequencies are selected preferably within the 
bandwidth of the transducer, as known in the art. Further empirical testing may 
provide changes in the selected values for either harmonic or fundamental 
imaging. Other methods and considerations for selection are possible. 

The parameters discussed above are used to generate images based on 
20 harmonic frequencies or fundamental frequencies. For example, the nominal 
center frequency controls various system clocks and scaling parameters, such as 
focusing delay. The nominal center frequency is selected to be close to the desired 
receive center frequency. Preferably, the nominal center frequency is selected 
from a list of available frequencies associated with particular A to D sampling 
25 rates, as discussed below. In the preferred CDV 2 MHz fundamental frequency 
example, the nominal center frequency, is 2 MHz. For the preferred B-mode 3.5 
MHz harmonic frequency example, the nominal center frequency parameter is 3.5 
MHz. Regarding the F c value in the '517 patent, the values for both the transmit 
and receive F 0 are preferably the same. 
30 The A to D sampling rate is used to determine a rate of conversion from a 

received analog voltage signal to a digital signal. The A to D sample rate is 
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selected as one of 32, 40, 48 or 56 MHz as a function of the selected nominal 
frequency. Other values could be used, and preferably, depend on the ultrasound 
system 70 capabilities. Preferably, the available nominal center frequencies are no 
more than one half the available A to D sampling frequencies. For example, the 
5 available nominal frequencies correspond to an available A to D sample rate 
divided by 4, 8 and 16. In the CDV 2 MHz fundamental frequency example, the 
A to D sampling rate is 32 MHz. For the B-mode 3.5 MHz harmonic frequency 
example, the A to D sampling rate is 56 MHz. 

The transmit excitation center frequency represents the modulation 
10 frequency of the excitation signal. The transmit excitation center frequency is or 
is close to the desired transmit frequency. The frequency response of the 
transducer may be considered. In the CDV 2 MHz fundamental frequency 
example, the transmit excitation center frequency is 2.2 MHz. For the preferred 
B-mode 3.5 MHz harmonic frequency example, the transmit excitation center 
15 frequency is 1.75 MHz. 

The transmit envelope parameter preferably comprises a number of values 
representing a particular envelope for each excitation signal and a sample rate for 
outputting the various envelope values. The transmit envelope information is 
selected in combination with the receive filter coefficients. For harmonic 
20 imaging, the combination is selected to provide axial resolution and fundamental 
rejection. The transmit envelope is preferably shaped to avoid transmitting 
significant energy at or near the harmonic frequency. For fundamental imaging, 
the combination is selected to provide optimum axial resolution and greater 
penetration. In the CDV 2 MHz fundamental frequency example, the transmit 
25 envelope is a 0.7 MHz bandwidth Gaussian envelope sampled at 8 MHz (see 
Appendix A). For the B-mode 3.5 MHz harmonic frequency example, the 
transmit envelope is a 1.1627 MHz bandwidth Gaussian envelope sampled at 14 
MHz (see Appendix A). 

The transmit focusing frequency controls some aspects of focusing the 
30 ultrasonic wave. The transmit focusing frequency is used for calculation of delay 
values and phasing values as known in the art. Preferably, the transmit focusing 
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frequency is selected in harmonic imaging equal to or near the desired transmit 
frequency and in fundamental imaging equal to or near the receive demodulation 
frequency. In the CDV 2 MHz fundamental frequency example, the transmit 
focusing frequency is 2.19 MHz. For the B-mode 3.5 MHz harmonic frequency 
5 example, the transmit focusing frequency is 1.75 MHz. 

The receive gain comprises an initial gain, various slope values, various 
breakpoints associated with the slope values, and a maximum value. The receive 
gain information is selected to avoid saturation of the receive signal and to 
maximize image quality. In the CDV 2 MHz fundamental frequency example, the 
10 receive gain is 43 dB for the first 30 mm of depth along a particular ultrasound 
line and increasing at 1.375 dB/mm after 30 mm depth to a maximum of 58.15 
dB. For the- B-mode 3.5 MHz harmonic frequency example, the receive gain is 
represented as a number of breakpoints representing lines of various slope as a 
function of depth. Based on a 100 volt transmit voltage, the breakpoints are 24 dB 
15 at 0 mm to 24 dB at 30 mm to 37 dB at 35 mm to 56 dB at 75 mm and to 101 dB 
at 240 mm. The receive gain is limited to a maximum of 56.25 dB. For B-mode 
images, the gain values increase or decrease to compensate for transmit voltages 
above or below 100 volts. 

The number of beams parameter represents the number of beams or 
20 ultrasound lines simultaneously produced for a given transmit and receive 
processing mode. The number of beams is preferably 1, 2, 3 or 4, but more beams 
may be used. The number of beams selected is based on the amount of space to be 
imaged, the frequency of the imaging, the imaging mode, the desired image frame 
rate, and the processing capabilities of the ultrasound system 70. In the CDV 2 
25 MHz fundamental frequency example, the receive number of beams is 2, 3 or 4, 
depending on the area selected by the user and any user control of the number of 
beams, line decimation rate, apodization, bandwidth or other factors changing the 
frame rate and spatial resolution. For the B-mode 3.5 MHz harmonic frequency 
example, the receive number of beams is 2. 
30 The receive demodulation frequency comprises an initial value, a 

downslope value, a minimum value and an upslope value. The demodulation 
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frequency is a function of the desired receive frequency and the attenuation of 
ultrasound signals as a function of distance. Preferably, the receive demodulation 
frequency is selected equal to or near the center frequency of either the harmonic 
or fundamental component of the received echo signal. In the CDV 2 MHz 
5 fundamental frequency example, the receive demodulation frequency is set at 
2.215 MHz minus 608 Hz/mm of depth. For the B-mode 3.5 MHz harmonic 
frequency example, the receive demodulation frequency is set at 4.04 MHz with a 
285 1 Hz decrease per mm of depth. 

The receive focusing frequency comprises an initial value, a downslope 
1 0 value, a minimum value, and an upslope value. The receive focusing frequency is 
used to calculate delay and phase values. Preferably, the receive focusing 
frequency .isthe same as the receive demodulation frequency. 

The receive filtering values comprise filter coefficient values. The filter 
coefficient values control filtering to remove unwanted noise signals, unwanted 
15 image signals and signals associated with undesired harmonic or fundamental 
frequencies as discussed above regarding the transmit envelope. The filtering 
coefficients are selected based on the desired type of filter, such as a low pass or 
band pass filter, and the baseband frequency to be passed by the filter. Preferably, 
the coefficient values define a low pass filter. In the CDV 2 MHz fundamental 
20 frequency example, the receive digital filtering coefficients are shown in 
Appendix A. For the B-mode 3.5 MHz harmonic frequency example, the receive 
digital filtering coefficients are shown in Appendix A. 

The parameters discussed above correspond to the ultrasound system 70 
disclosed herein. Other parameter values may be used. Other systems with 
25 different parameters or parameter values may also be used. 

The data set or sets of parameters selected by the system control 74 are 
provided to the beamformer central control 80. The beamformer central 
control 80 preferably comprises multiple processors for providing information to 
the transmit beamformer 82, the receive beamformer 84, the Doppler receive 
30 beamformer 86 and the receive filter 88. The beamformer central control 80 uses 
the parameters to program the transmit beamformer 82, receive beamformer 84, 
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Doppler receive beamformer 86 and receive filter 88. By programming these 
various structures, the beamformer central control 80 controls interleaving of data 
acquisition. Thus, information associated with one image is acquired, and then 
information associated with a second image is acquired. For example, I and Q 
5 samples associated with multiple beams for B-mode imaging at harmonic 
frequencies are obtained, and then I and Q samples associated with multiple 
beams for the CDV image at fundamental frequencies are obtained. 

To obtain samples associated with one image, the associated parameters 
are provided to the transmit beamformer 82. The transmit beamformer 82 
10 comprises multiple envelope memories, apodization and phase multipliers, 
interpolators, delays, modulators, and encoders. Preferably, the transmit 
beamformer^ comprises the transmit beamformer apparatus disclosed in Method 
and Apparatus for Transmit Beamformer System, U.S. Patent Application Serial 
No. 08/673,410, filed July 15, 1996, the disclosure of which is herein incorporated 
15 by reference. Other analog or digital transmit beamformers may be used. The 
various transmit associated parameters discussed above are provided to the 
. transmit beamformer 82. Based on the parameters, the transmit beamformer 82 is 
configured to generate multiple excitation signals. The multiple excitation signals 
have a selected center frequency. For example, in the 2 MHz fundamental CDV 
20 image selected as discussed above, the excitation signals have a center frequency 
of approximately 2 MHz. In the 3.5 MHz harmonic B-mode image selected as 
discussed above, the excitation signals have a center frequency of approximately 
1.75 MHz. 

The excitation signals also have a transmit voltage level. The transmit 
25 voltage level represents the maximum voltage applied to the transducer. The 
transmit voltage level is determined as known in the art based on FDA limitations. 
For example, the transmit voltage level is calculated by software for each scanning 
situation as a function of parameters including the transmit envelope, the transmit 
frequency, the pulse repetition rate, and the location of the focus point of the 
30 ultrasonic wave. 
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The excitation signals are provided to a multiplexer system 90. The 
multiplexer system 90 includes multiplexers, demultiplexers and connectors. The 
multiplexer system 90 routes the excitation signals to the transducer 76. The 
elements 80 of the transducer 76 are excited by the excitation signals. Based on 

5 the excitation, the transducer 76 generates a focused ultrasonic wave. The center 
frequency associated with the ultrasonic wave is preferably approximately the 
same as the center frequency associated with the excitation signals. In the 
examples discussed above, the ultrasonic wave has a center frequency of 
approximately 1.75 MHz or 2 MHz. 

10 The ultrasonic wave propagates through the body and reflects off various 

structures. Some of the reflection or echo signals are detected by the elements 80 
of the transducer 76. In response, the elements 80 generate voltage signals, which 
are routed through the multiplexer system 90 to the receive beamformer 84 and 
receive filter 88. 

15 The receive beamformer 84 and the receive filter 88 generate digital I and 

Q samples associated with the user selected receive center frequency. In the B- 
mode harmonic imaging example discussed above, each sample is associated with 
a center frequency of about 3.5 MHz (the second harmonic of the corresponding 
transmission signal). In the CDV fundamental imaging discussed above, each 

20 sample is associated with a center frequency of about 2 MHz (the fundamental of 
the corresponding transmission signal). 

The receive beamformer 84 comprises a receive beamformer control, 
multiple amplifiers, multiple decimators, multiple delay memories, multiple 
complex multipliers and multiple analog-to-digital converters. Preferably, the 

25 receive beamformer 84 comprises the receive beamformer disclosed in the U.S. 
Patent Application Serial No. 08/432,615 for A Method And Apparatus For 
Receive Beamformer System, filed May 2, 1995, the disclosure of which is herein 
incorporated by reference. Other digital or analog beamformer systems may be 
used. The various receive parameters discussed above are provided from the 

30 beamformer central control 80. Using the parameters, receive beamformer 84 is 
configured to receive and process the voltage signals from the transducer 76. The 
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voltage signals from each element 80 of the transducer 76 are delayed, apodized, 
focused, demodulated, and summed. 

The voltage signals are demodulated to baseband. The demodulation 
frequency is responsive to the harmonic or fundamental frequency selected by the 
5 user. For a non-linear based image, the baseband frequency is responsive to a 
harmonic value of the transmission frequency. For a linear based image, the 
baseband frequency is responsive to a fundamental value of the transmit 
frequency. The demodulated voltage signals are output to the receive filter 88. 

The receive beamformer 84 outputs samples at a receive sampling 
10 frequency. The receive sampling frequency is the per beam complex (I and Q 
pair) output sampling rate or per beam processing rate. The receive sampling 
frequency, isa function of the number of beams and the A to D sampling rate. The 
receive sampling frequency is equal to the A to D sampling rate divided by the 
number of beams rounded up to a power of two and divided by 4. Preferably, the 
1 5 receive sampling frequency is automatically determined and not stored on memory 
72. In the CDV 2 MHz fundamental frequency example, the receive sampling 
frequency is either. 2 or 4 MHz per ultrasound line. The receive sampling 
frequency is 2 MHz if the number of beams is 3 or 4, and is 4 MHz if the number 
of beams is 2. For the B-mode 3.5 MHz harmonic frequency example, the receive 
20 sampling frequency is 7 MHz for each ultrasound line. The output from the 
receive beamformer 84 is provided to the receive filter 88. 

The receive filter 88 comprises a programmable filter and sample rate 
converter. The receive filter 88 may be combined with the receive 
beamformer 84. The demodulated and summed voltage signals are provided to 
25 the filter. Based on filter coefficients provided as parameters from the 
beamformer central control 80, the summed signal is filtered and decimatimated or 
upconverted to another sample rate. Preferably, the signal is low pass filtered. 
The low pass filtering removes signals associated with frequencies other than at or 
near the baseband. Alternatively, the demodulation step is by passed or the 
30 voltage signals are not demodulated in response to the desired harmonic or 
fundamental frequency. The filter is programmed as a bandpass filter to remove 
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any frequencies above or below the desired frequency band, which may 
correspond either to the harmonic or fundamental frequency band. The filtered 
signal comprises an I and Q signal. 

The filtered signal is preferably phase corrected using phase correction 
5 values. The phase correction values are phase adjustments provided for each 
range and angle in an image for multiple ultrasound line transmission and 
reception. The phase correction values are calculated so that the phases of two 
different echo signals received along different scan lines from an assumed single 
point target are similar after the phase adjustment. For a pair of lines and a 
10 particular depth in the image, the phase corrections are calculated by simulating 
the response of the ultrasound system to linear echos scattered from the assumed 
point target in the vicinity of two ultrasound lines. The phase of the second line 
simulated response is subtracted from the phase of the first line simulated 
response, and the difference is subtracted fiom the phase of a received echo signal 
1 5 corresponding to the second line. A system for correcting the phase of ultrasound 
lines is disclosed in U.S. Patent No. 5,623,928, the disclosure of which is herein 
incorporated by reference. In order to estimate the response in a harmonic mode, 
the calculation of the simulated response includes modeling of the transmit and 
receive models independently. For the 3.5 MHz harmonic example, the 
20 diffraction of a transmitted pulse is modeled as linear diffraction. The calculated 
response is squared to shift the center frequency to the second harmonic and to 
estimate the bandwidth and beam width of the second harmonic. Finally, the 
diffraction of the simulated harmonic pulse traveling towards the transducer is 
modeled as linear diffraction and propagation. For Doppler modes in general, 
25 such as the CDV 2 MHz fundamental-center frequency example, the phase 
correction vales are set to 0. The demodulation, filtering and phase correction 
steps may occur in another order. 

In parallel to the receive beamformer 84 and receive filter 88, the Doppler 
receive beamformer 86 also processes the voltage signals from the transducer 76. 
30 In particular, the voltage signals are amplified in the receive beamformer 84. The 
amplified voltage signals are provided to the Doppler receive beamformer 86. 
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The Doppler receive beamformer 86 comprises a demodulator and range 
gate receiver for each voltage signal, a summer, an integrator/filter/sampler and an 
analog-to-digital converter. Preferably, the Doppler receive beamformer 86 is the 
Doppler receive beamformer disclosed in U.S. Patent No. 5,555,534 for A Method 
5 And Apparatus For Doppler Receive Beamformer System, the disclosure of which 
is herein incorporated by reference. Other Doppler receive beamformers may be 
used, such as analog or digital Doppler receive beamformers. Additionally, the 
Doppler receive beamformer 86 and the receive beamformer 84 may be combined 
into one system. The Doppler receive beamformer 86 is configured with the 
10 receive parameters from the beamformer central control 80. Based on the 
parameters, the Doppler receive beamformer 86 processes the voltage signals to 
generate an Tand Q signal. The Doppler receive beamformer 86 demodulates each 
voltage signal to the baseband frequency. The demodulated signals are summed 
and filtered. As discussed above, demodulation to the baseband frequency may be 
1 5 replaced with band pass filtering. The filtered, summed signal is converted from 
an analog signal to a digital sample. The digital sample is provided to the spectral 
Doppler processor 96. 

Using the ultrasound system 70 discussed above, one or more samples 
associated with a user selected mode and frequency are obtained. Samples are 
20 continuously obtained until the desired number of samples or lines are acquired. 
As discussed above, the desired number of samples corresponds to a portion of an 
ultrasound line, an entire ultrasound line, multiple ultrasound lines, one frame, or 
multiple frames. For spectral Doppler, the desired number of samples is obtained 
to allow for the fast Fourier transform or auto regressive spectral analysis as 
25 known in the art. 

Once the desired number of samples or lines are obtained, the transmit 
beamformer 82, the receive beamformer 84, and/or the Doppler receive 
beamformer 86 are reconfigured. The beamformer central control 80 provides 
new parameters for reconfiguration. The parameters are either stored in the 
30 beamformer central control 80 or downloaded from the memory 72. Preferably, 
the parameters for each imaging mode and frequency selected by the user are 
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stored in the beamformer central control 80. As an example of reconfiguration, 
the transmit beamformer 82, and the receive beamformer 84 are configured with 
the parameters discussed above for the B-mode image (harmonic mode, 3.5 MHz 
receive center frequency). I and Q signals associated with the receive center 

5 frequency are obtained. After obtaining the desired number of samples, the 
parameters associated with the CDV image (fundamental mode, 2 MHz receive 
center frequency) are provided to the transmit beamformer 82 and receive 
beamformer 84. I and Q signals associated with the fundamental frequency are 
obtained. As the interleaving process discussed above continues, the beamformer 

10 central control 80 configures the transmit beamformer 82 and the receive 
beamformer 84. 

The Doppler receive beamformer 86 is also configured in an interleaving 
process if a spectral Doppler image is selected for display in a combination of 
images. For example, the ultrasound system 70 is configured to obtain B-mode 
15 lines at harmonic or fundamental frequencies and Spectral Doppler (PW or CW) 
lines at fundamental or harmonic frequencies. The processing of Spectral Doppler 
lines is well known in the art. The Doppler receive beamformer 86 is configured 
to obtain information associated with harmonic or fundamental frequencies. 
When interleaving Spectral Doppler with B-mode, the transmit parameters are 
20 preferably updated between mode scannings. As an example, the ultrasound 
system 70 operates as described above for 3.5 MHz harmonic B-mode imaging, 
interleaved with 2.0 MHz fundamental PW spectral Doppler imaging. In this 
case, the following control parameters are preferably used: 

Doppler nominal center frequency = 2.0 MHz. 
25 Doppler modulation frequency = 2.0 MHz. 

Doppler transmit focusing frequency =2.0 MHz. 

Doppler transmit envelope = rectangular envelope, typically 2-127 cycles 

of the modulation frequency, sampled at 8.0, 4.0, or 2.0 MHz. 
Other parameters and parameter values may be used. All the above frequencies 
30 are selected as a frequency within the transducer bandwidth and preferably at the 
lower end of that bandwidth. The length of the transmit envelope is preferably 
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proportional to a user-selected Doppler range gate size, and the sampling 
frequency of the Doppler transmit envelope is selected so that the total number of 
samples in the envelope is less than a maximum number of samples, such as 127. 
Depending on the modes selected by the user, one or more of the B-mode 
5 processor 92, color Doppler processor 94 or spectral Doppler processor 96 
generates information from the I and Q signals. The B-mode processor is of a 
construction known in the art. Preferably, the B-mode processor includes a digital 
signal processor. The B-mode processor 92 generates information for a B-mode 
or M-mode image. For example, using signals associated with the 3.5 MHz 
1 0 harmonic frequency. B-mode information is generated. 

The color Doppler processor 94 is of a construction known in the art. The 
color Doppler processor 94 preferably includes a digital signal processor for 
estimating Doppler velocity, variance of velocity and energy. Based on the I and 
Q signals and user selection a velocity, energy, or variance of velocity image, 
15 color Doppler information is generated. For example, color Doppler information 
for the selected CDV image discussed above is generated based on signals 
associated with a 2.0 MHz fundamental center frequency. 

The spectral Doppler processor 96 is of a construction known in the art. 
Preferably, the spectral Doppler processor 96 includes a digital signal processor 
20 for performing fast Fourier transform or auto regressive analysis as known in the 
art. The I and Q signals, based either on continuous wave or pulse wave 
ultrasound transmissions, are used to generate spectral information. For example, 
a graph of frequency as a function of time is generated. The graph includes a 
range of frequencies and associated energies. The graph is preferably associated 
25 with a particular location in the body, as known in the art. The spectral 
information as the graph is provided to the image viewing device 98 as a spectral 
image. 

The image viewing device 98 is a scan converter, image processor and a 
monitor or other viewing device, as known in the art. Preferably, the image 
30 viewing device 98 includes a color monitor. The information from the various 
processors 92, 94 or 96 is scan converted. The scan converted information is 
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processed as discussed above to generate images. For example, information for 



the CDV image corresponding to an overlapping location with the B-mode image 
is used to create display values for the region of overlap. Based on the CDV 
information, a display value is output for the location. Thus, multiple images are 

5 generated, such as the B-mode/CDV combination image discussed above. Other 
processes and systems for combining images may be used. Multiple display 
values comprise an image or combination of images. The display values for any 
region of the display correspond to one of the selected images. Alternatively, 
display values for one or more regions correspond to blended or non-blended 

10 harmonic frequency based information and display values for one or more 
different regions correspond to blended or non-blended fundamental frequency 
based information. Blended refers to inputting multiple values associated with the 
same location on the display into a look-up table or other structure and outputting 
a single value. 

15 The image or images are displayed on image viewing device 98. As the 

processors 92, 94, 96 output additional information, such as a sample, multiple 
samples, samples associated with an ultrasound line, samples associated with 
multiple ultrasound lines, samples associated with a frame, or samples associated 
with multiple frames, the displayed images are updated, as known in the art 

20 Thus, images associated with harmonic frequencies and images associated with 
fundamental frequencies are displayed substantially simultaneously and by region. 
For example, the B-mode image associated with the 3.5 MHz harmonic center 
frequency is displayed as a gray scale image for regions of no overlap with the 
CDV image. The CDV image associated with the 2 MHz fundamental center 

25 frequency is combined as a color image with the B-mode image by creating 
display values responsive to the CDV information for the region or regions of 
overlap. As another example, the spectral Doppler image associated with the 2 
MHz fundamental center frequency is displayed adjacent to the B-mode image. 
Thus, the ultrasound system 70 provides the advantages of imaging based on both 

30 harmonic and fundamental frequencies. 
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Referring to FIGS, i and 3, the ultrasound systems 10 and 70 are also 
capable of displaying two or more images associated with harmonic frequencies 
substantially simultaneously. The images associated with harmonic frequencies 
may or may not be displayed with an image associated with fundamental 
5 frequencies. As discussed above, the user selects the type of image, including B- 
mode and M-mode images, and the transmit and receive frequencies, including 
harmonic receive frequencies, associated with each image. For example, the user 
selects a B-mode image associated with a 3.5 MHz harmonic center frequency for 
display with a M-mode image associated with a 3.5 MHz harmonic center 
10 frequency. The center frequency associated with the M-mode image is preferably 
the same as or close to the center frequency selected for the B-mode image. 
However, thTe harmonic center frequency for one image may be different than the 
harmonic center frequency for the other image. If the B-mode image is associated 
with a harmonic center frequency, then the M-mode image is preferably associated 
15 with a harmonic center frequency. Other combinations, such as a fundamental 
center frequency based B-mode image with a harmonic center frequency based M- 
mode image, are possible. The images are preferably displayed adjacent to each 
other. To increase the frame rate, the system 70 may take advantage of the fact 
that some of the parameters for any two or more images are the same. Thus, the 
20 advantages of imaging based on harmonic frequencies are provided for both 
images. For the control parameters used in the embodiment associated with FIG. 
3 for the example above, see Appendix B. Other values and other parameters may 
be used. 

As an example of displaying more than two images, a color M-mode 
25 image is selected by the user. The user selects a two dimensional, gray scale B- 
mode image and an associated receive center frequency, such as a 3.5 MHz 
harmonic center frequency. The user also selects a color Doppler image, such as a 
Doppler velocity image, and an associated receive center frequency, such as a 2.0 
MHz fundamental center frequency. The color M-mode image is selected based 
30 on the B-mode and Doppler velocity images and comprises two images: (1) a gray 
scale M-mode image of intensity as a function of time for one or more points in a 
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subject and (2) a color scale Doppler velocity image of velocity as a function of 
time for the same one or more points overlaid on the gray scale M-mode image. 
The receive frequencies selected for the color M-mode image, such as a 3.5 MHz 
harmonic center frequency for the gray scale image and a 2.0 MHz fundamental 
5 center frequency for the color scale image, are preferably the same as those 
selected for the two-dimensional B-mode and color Doppler images, respectively. 
Other frequency bands may be used for each of the four images discussed above, 
such as three or more images associated with harmonic imaging. To increase the 
frame rate, the system 70 may take advantage of the fact that some of the 
10 parameters for any two or more images are the same. For the control parameters 
used in the embodiment associated with FIG. 3 for the example above, see 
Appendix C? Other values and other parameters may be used. 

The color Doppler image and B-mode images are preferably displayed as 
discussed above (CDV information for regions of overlap). Preferably, the color 
15 M-mode image is displayed adjacent to the color Doppler and B-mode images. 
The color M-mode image may also be displayed without the display of the B- 
mode or color Doppler images. In a preferred embodiment, either the B-mode and 
color Doppler two-dimensional images, or the color M-mode image (comprising a 
gray scale M-mode image combined with a color Doppler M-mode image), but 
20 " not both, are displayed in real time, while the other images are frozen on the 
display. Thus, at any given time, the system 10 or 70 is configured to obtain data 
associated with either the two-dimensional images or the strip images and the 
other images are static on the display. The selection of the images for real time 
acquisition is based on user input or programming. For example, the system 10 or 
25 70 acquires a frame of information associated with the B-mode and color Doppler 
images every 3 seconds or every R-wave of the cardiac cycle while continuously 
obtaining data associated with the color M-mode image. In an alternative 
embodiment, both sets of images are updated substantially simultaneously, such as 
interleaving between the sets of images every frame or less of data acquisition. 
30 The ultrasound systems 10 and 70 are also capable of displaying a single 

image associated with harmonic frequencies. For example, the user selects 
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display of a M-mode image associated with a 3. ,5 MHz harmonic center frequency 
without the display of any other image. For the control parameters used in the 
embodiment associated with FIG. 3 for the example above, see the M-mode 
parameters in Appendix B or C. Other values and other parameters may be used. 

5 All of the harmonic imaging techniques described above can be used for 

both tissue and contrast agent harmonic imaging. In contrast agent harmonic 
imaging, any one of a number of well known nonlinear ultrasound contrast agents, 
such as micro-spheres, is added to the target or subject in order to enhance the 
non-linear harmonic response of the tissue or fluid. The contrast agents radiate 

10 ultrasonic energy at a harmonic of an insonifying energy at a fundamental 
frequency. 

In tissue harmonic imaging, no additional non-linear contrast agent is 
added to the target, and only the native nonlinear characteristics of the tissue are 
relied on to create the ultrasonic image. Medical ultrasound imaging is typically 
15 conducted in a discrete imaging session for a given subject at a given time. For 
example, an imaging session can be limited to an ultrasound patient examination 
of a given tissue of interest over a period of V* to 1 hour, though other durations 
are possible. In this case no additional nonlinear contrast agent is introduced into 
the tissue at any time during the imaging session. Since the harmonic imaging 
20 techniques described above can be used for both tissue and contrast agent 
harmonic imaging, it should be understood that the introduction of an added 
nonlinear contrast agent into the tissue being imaged is not implied in any of the 
following claims unless such added non-linear contrast agent is expressly recited. 
It should be understood that many changes and modifications can be made 

25 to the embodiments described above. For example, different ultrasound systems 
with different levels of programmability may be used. Different transducers and 
system configurations may also be used. Many of the various processes discussed 
above may be analog or digital processes. Furthermore, the transmit frequency 
associated with each image may be the same or different. 

30 It is therefore intended that the foregoing detailed description be 

understood as an illustration of the presently preferred embodiments of the 
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invention, and not as a definition of the invention. It is only the following claims, 
including all equivalents, that are intended to define the scope of the invention. 
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1 . A method of displaying ultrasound information comprising the steps of: 
displaying a B-mode image in a first region of a display, said B-mode 

image substantially responsive to harmonic frequencies of transmit frequencies; 
and 

displaying a Doppler image in combination with said B-mode image in a 
second region of said display, said color Doppler image substantially responsive 
to fundamental frequencies of transmit frequencies. 

2. The method of Claim 1 further comprising the step of displaying a list of 
frequencies comprising at least one fundamental and at least one harmonic 
frequency. 



15 3. The method of Claim 1 wherein the step of displaying a B-mode image 
comprises obtaining at least one value associated with a second harmonic of said 
transmit frequencies. 

4. The method of Claim I wherein the displaying steps comprise determining 
20 a plurality of regions comprising the first region and a plurality of other regions 

comprising the second region by applying a threshold to said plurality of said first 
values. 

5. An apparatus for acquiring data in an ultrasound system comprising: 
25 a transducer; 

a transmit beamformer operatively connected to said transducer; 

a receive beamformer operatively connected to said transducer and 
configured to obtain at least a first value associated with a fundamental center 
frequency interleaved with at least a second value associated with a harmonic 
30 center frequency; 



SUBSTITUTE SHEET (RULE 26) 



WO 98/57583 PCT/US98/12542 

36 

a signal processor for acquiring B-mode information from said at least said 
first value and acquiring color Doppler information from said at least said second 
value; and 

a display comprising said B-mode information in a first region and said 
5 Doppler information in a second region. 

6. A method for acquiring data representing a subject with an ultrasound 
system, said method comprising the following steps: 

(a) obtaining M-mode image data representing said subject and 
1 0 responsive to a harmonic receive center frequency; and 

(b) displaying at least a M-mode image responsive to said M-mode 

data. 

7. The method of Claim 6 wherein the step (a) comprises obtaining said M- 
1 5 mode image data during an imaging session, said subject being free ultrasound 

contrast agent throughout the entire imaging session 
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